Precise magnetization measurements have been made on the weak itinerant electron ferromagnet CoVSb. The magnetic moment at 4.2 K and the Curie temperature T C are 0.16 B /f.u. and 45 K, respectively. Below 10 K, the decrease in the square of the spontaneous magnetization M s ðTÞ 2 is proportional to T 2 . However, over a wide temperature range from 24 K to the Curie temperature, the decrease in M s ðTÞ 2 is proportional to T 4=3 . The results obtained are analyzed using spin fluctuation theory.
Introduction
The half-Heusler compound CoVSb has the C1 b structure with space group F 4 43m as shown in Fig. 1 . From this figure, it may be seen that the crystallographic structure is similar to that observed for Heusler L2 1 order, except that the (3/4 3/4 3/4) (4d) site is unoccupied. The resistivity of CoVSb is reported to have metallic behavior. 1) Recently it has been suggested that when ordered in the C1 b structure, with Co atoms occupying the (4b) sites, CoVSb is a half-metallic ferromagnet with the majority of the magnetic moment 1 B localized on the V atom. [2] [3] [4] [5] On the other hand, it was found experimentally that the magnetic properties of CoVSb are strongly dependent on the preparation (the Curie temperature varying between 11 and 58 K, the magnetic moment ranging from 0.036 to 0.18 B /f.u.). 1, 6, 7) The disagreement between the experimentally determined and the theoretically predicted values of the spontaneous magnetization has been attributed to the atomic disorder between Co and V atoms. 2, 3) More recently, Heyne et al. carried out magnetization and neutron powder diffraction measurements on CoVSb.
8) The annealing temperature, 850 C, used in the sample preparation was higher than those previously adopted in Refs. 1), 6), 7). The small ground state magnetic moment and the absence of any significant magnetic moment on the V atoms were confirmed from the neutron diffraction measurements. Furthermore, experimental results clearly showed that CoVSb crystallizes in the C1 b structure with the Co atoms occupying the (4b) sites. On the basis of these experimental results, it was concluded that CoVSb is not a half-metallic ferromagnet as predicted by band theory, but a weak itinerant electron ferromagnet.
Recently, Takahashi pointed out that not only the thermal spin fluctuation but also the ''quantum spin fluctuation'' play important roles in the magnetic properties of weak itinerant electron ferromagnets. Based on this premise he was able to explain some of the experimental results on weak itinerant electron ferromagnets over a wide temperature range from the ground state to the paramagnetic phase. 9, 10) In this work, we have performed precise magnetization measurements on CoVSb in order to investigate nature and importance of spin fluctuations. water. The reaction product was pulverized, mixed and reheated at 850 C for a further 5 d before being quenched again into water. To achieve high crystalline perfection, the reaction product was subsequently annealed at 850 C for 7 d and finally quenched into water. An X-ray powder diffraction pattern contained only the diffraction lines expected for the cubic C1 b structure. The lattice parameter was found to be 0.5803 nm, in good agreement with the values reported earlier. 1, 6, 7) The observed intensities of the diffraction lines agreed with those calculated using the C1 b structure with the Co atoms occupying the (4b) sites.
Experimental
Magnetization M data were collected using a commercial superconducting interference device (SQUID) magnetometer. The high field magnetization was measured using a vibrating sample magnetometer (VSM) in static magnetic fields up to 14 T in the temperature range from 4.2 to 80 K.
Results and Discussion
The magnetization M vs. T curves for CoVSb shown in Fig. 2 were measured in different applied fields after the sample had been cooled down to 4.2 K in zero field (ZFC) and in different applied fields (FC). After zero field cooling (ZFC) the M vs. T curve in a field 5 Â 10 À4 T increases with temperature reaching a maximum around 30 K. However from Fig. 2 , it may be seen that after field cooling (FC) the magnetization shows the usual temperature dependence. The difference in the thermal variation of the magnetization observed after (FC) and (ZFC) only occurs for applied fields below 7:5 Â 10 À3 T. Figures 3(a) , (b) and (c) shows the magnetization curves of CoVSb with different temperature ranges 4:2 K T 34 K, 36 K T 100 K and 110 K T 300 K, respectively. As seen in Fig. 3(a) , an applied field of 15 T is not sufficient to saturate the magnetization at 4.2 K. Above T ¼ 100 K the magnetization M increases linearly with increasing applied field as shown in Fig. 3(c) , enabling the temperature dependence of the susceptibility to be determined from the slope. The resulting thermal variation of the uniform susceptibility We have a Curie temperature T C of 45 K as the temperature at which an isotherm in the Arrott plots passes the origin of Fig. 6(b) . The spontaneous magnetization M s ðTÞ was determined from the Arrott plots by linear extrapolation of the isotherms to B=M ¼ 0. At 4.2 K, the magnetic moment p s of CoVSb is found to be 0.16 B / f.u., in good agreement with the values reported earlier. 7, 8) Thus, the Rhodes-Wohlfarth ratio p c =p s is more than unity, indicating that CoVSb is the typical weak itinerant ferromagnet. The temperature dependence of the spontaneous magnetization M s ðTÞ is shown in Fig. 7 in which the solid circles indicate the experimental values determined by the Arrott plots analysis.
Takahashi has reported a new spin fluctuation theory for weak itinerant electron ferromagnets, in which quantum spin fluctuations (zero-point spin fluctuation) are also considered. 9, 10) The magnetic properties of a number of weak itinerant electron ferromagnets such as (Fe,Co)Si, 11) MnSi, 12) Ni-Pt alloy, 13, 14) Co 2 TiGa 15) and Co 2 ZrAl 16) have been successfully discussed using Takahashi's theory. According to the theory, the fourth order expansion coefficient F F 1 of magnetic free energy and the magnetic moment p s ð0Þ are expressed by the following equations: 
Magnetic isotherms of CoVSb in the form of Arrott plots (a)
c ¼ 0:3353
where k B is the Boltzmann constant and N o the number of magnetic sites. According to the results of neutron diffraction measurement for CoVSb, the Co and V atoms carry the same magnetic moment which at 2 K is 0.1 B . 8) Thus the magnetic moment is shared between the Co and V atoms and so, N o is the number of the Co and V atoms. The parameters T 0 and T A respectively characterize the energy width of the spin fluctuation spectrum and the dispersion of the static magnetic susceptibility in wave vector space. The values of F F 1 and p s ð0Þ were obtained experimentally from analysis of the Arrott plots. The parameter T 0 can be expressed by eliminating T A from eqs. (1) and (2) as follows: According to Takahashi, 17) Figs. 8(a) and (b) , M s ðTÞ 2 shows a T 2 -dependence at low temperature side and the T 4=3 -dependence in the temperature range below T C . From eq. (4) and using the low temperature data in the range 4:2 K T 10 K, T A is estimated to be 3:5 Â 10 4 K, which is in good agreement with the value (4:7 Â 10 4 K) determined by the magnetization process at 4.2 K.
Conclusion
Precise magnetization measurements have been made for the weak itinerant electron ferromagnet CoVSb. Based on these results the magnetic properties of CoVSb have been clarified enabling the following conclusions to be made. 
